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We report a detailed study of the temperature and composition dependence of the resistivity and 
thermopower for a series of bismuth chalcogenides Bi2Te3_a;Sea;. The temperature dependence of the 
thermopower can be semi-quantitatively described by a simple model for an extrinsic semiconductor. 
We show that, by substituting selenium for tellurium, the Fermi level can be continuously tuned 
from the valence band into the conduction band. The maximum values of the thermopower, bulk 
band gap as well the activation energy are found for a:: ~ 1. 



PACS numbers: 72.20.Pa,72.20.-i,72.80.-r 

Layered bismuth chalcogenides Bi2Te3_2;Se3, are a fam- 
ily of narrow-band semiconductors, well known since the 
1950 's for their exceptional thermoelectric properties.'^ 
Bi2Te3 has the highest known thermoelectric figure of 
merit zT at room temperature, and is widely used in 
room-temperature thermoelectric applications. 

Recently, bismuth chalcogenides were rediscovered 
within the novel context of topological insulators. They 
were among the firs t identified three-dimensional topo- 
logical insulators.f^EI The surface states in Bi2Te3_a;Se^ 
are sim ple since only one Dirac cone crosses the band 
gap.l^l^ However, in spite of a relatively large band gap 
(200 — 300 meV), bulk conductivity of known bismuth 
chalcogenides is too high and hinders the observation 
of topological surface stat es, even in the most compen- 
sated compound Bi2Te2Se.'^ Throughout this series, the 
Fermi level is found either within the conduction or va- 
lence band. 

In this paper we study the detailed thermoelectric 
properties of bismuth chalcogenides to clarify the rela- 
tion between the composition and position of the Fermi 
level. We investigate ten different compositions of the 
Bi2Te3_a;Se2; series, where Se content is tuned from 
a; = to 3. We find that thermopower S{T) may be 
semi-quantitatively explained by the standard extrinsic 
semiconductor model.Q^ Most importantly, thermopower 
shows that tuning Te/Se content leads to a steady shift of 
chemical potential, from the valence band in the p-type 
Bi2Te3, to the conduction band in the n-type Bi2Se3. 
The highest value of the thermopower is found at a; = 1 
and it corresponds to the lowest Fermi temperature. 

Single crystals of Bi2Te3_a;Sea; were grown by the 
floating zone method from the stoichiometric ratio of 
metallic bismuth and chalcogenide elements.'^ The unit 
cell of a Bi2Te3_a;Sea; compound consists of quintuple 
Te/Se-Bi-Te/Se-Bi-Te/Se layers stacked along the c- 
axis direction.'^^ The quintuple layers are bound by 
weak van der Waals interaction. For most compositions, 
crystals readily cleave and expose shiny surfaces. We 
investigated ten different compositions, given by the Se 
content x = 0, 0.6, 0.9, 0.95, 1, 1.3, 1.5, 2 and 3. The resis- 
tivity and thermopower were measured simultaneously 
using a custom setup. Crystals were cleaved and cut 



into thin bars of approximately 1.5 x 0.5 x 0.02 mm"^. 
The resistivity was measured using a standard four- 
probe technique. Thermopower was determined using 
a dc method. The sample was fixed to a ceramic surface 
with a small heater attached next to it, and the ther- 
mal gradient was determined using a chromel- const ant an 
differential thermocouple. The bulk band gap was de- 
termined through transmission and reflection measure- 
ments on cleaved thin flakes, using a Bruker Hyperion 
microscope.'^ 

The behavior of the resistivity throughout the series 
is shown in Fig. [l|^a) at room temperature and at 10 K. 
A pronounced maximum in p occurs around x — 0.9. A 
more detailed temperature dependence of the resistivity 
is shown in Fig. [ijb) in an Arrhenius plot, for several 
different compositions x. While most samples exhibit 
a weakly metallic resistivity, we observe an activated be- 
havior for X = 0.9, 0.95, 1 and 1.3. This is precisely in the 
X range where p{x) has maximum value. However, the 
activation energies are small and range from ~ 4.5 meV 
for X = 0.95, 1 and 1.3, to ~ 40 meV for x = 0.9. 

The stoichiometry dependence of the bulk band gap is 
shown in Fig.[ljc). It was determined through the optical 
reflection and transmission measurements by following 
the energy of the onset of the Fabry-Perot interferences, 
similar to the previo us high pressure studies of bismuth 
chalcogenides .'^'ii^ The details of the measurement will 
be published elsewhere.!^ The bulk band gap spans from 
approximately 200 meV in Bi2Te3 to 300 meV in Bi2Se3, 
and reaches a maximum of 325 meV in Bi2Te2.iSeo.9. It is 
interesting to note that the maximum band gap happens 
for the same stoichiometry (a; « 1) for which resistivity 
is maximum. While the band gap is determined by the 
band structure, the transport gap is linked to the defects 
which lead to impurity doping. Recent theoretical work 
by Skinner et al. shows there is a relation between these 
two quantities, and the activation energy of the resistivity 
in a compensated topological insulator is proportional to 
the band gap.'i^l 

The dc transport activation energy never exceeded 
40 meV, which points to the fact that Bi2Te3_a;Sea; com- 
pounds are always doped by impurities. The impu- 
rity levels are particularly evident at low temperatures. 
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FIG. 1. (Color online) (a) Resistivity at high and low tem- 
perature for varying composition, from Bi2Te3 to Bi2Se3. A 
maximum p occurs close to Bi2Te2Se. (b) Temperature de- 
pendence of resistivity for several different compositions (Se- 
lenium stoichiometries) , x. (c) Bulk band gap is shown for 
the whole series. 



where p{T) shows very little temperature dependence 
(Fig. [l|b)). Small activation energies accompanied by 
an almost constant p at low temperatures suggest that 
the donor or acceptor levels within the bulk gap are im- 
portant contributors to the conduction. Impurity levels 
broaden into a band which overlaps with the valence or 
conduction band. This impurity band probably lies at 
the edge of the conduction or valence bandi^^ 

There are several reasons why impurity doping in- 
evitably occurs in this series. Bismuth and tellurium 
have a similar Pauling electronegativity.'^^ismuth atoms 
therefore occupy tellurium sites and make for a high con- 
centration of negatively charged defects, which is why 
Bi2Te3 crystals are most often p-type!^ Selenium, on 
the other hand, has a high fugacity, and the accumula- 
tion of selenium vacancies causes the n-type behavior of 
Bi2Se3.^^ For the intermediate stoichiometries, both of 
the above types of disorder, vacancies, and antisite de- 
fects, are present and lead to intrinsic doping. In reality, 
when the the composition of the compound is tuned from 
Bi2Te3+5 to Bi2Se3_5, one passes from a system with ex- 



cess Te, towards a Se-deficient compound. Around the 
composition a; = 1, the Se/Te sublattice is expected to be 
ordered which significantly reduces the number of defects 
in the structure, decreasing conductivity. 

A very reliable method to follow the progression from p 
to n-type conductor is by measuring thermopower. This 
is particularly simple in a situation where there is only 
one relevant electronic band. Fig. [2ja) shows the depen- 
dence of thermopower on Se content, x, at several dif- 
ferent temperatures. There is a very sharp sign change 
taking place between x — 0.95 and x = 1.0. For a; > 1 
the thermopower becomes negative, meaning that there 
is a transition from p-type to n-type conduction. This 
transition is illustrated within inset of Fig. [2]^ a) cartoon. 

For thermoelectric applications, it is important to op- 
timize the figure of merit zT. In applications that do not 
require maintaining a temperature gradient, the power 
factor S^/p should be maximized. The power factor 
ranges between 10 to 50 /iW/(K^cm) for the series of 
the samples we study here. These values are similar 
to those of Sokolov et al, and display a similar doping 
dependence. Maximum power factor of 50 fJ,W / (K^cm) 
takes place for x — 2, and minimum 10 /iW/(K^cm) oc- 
curs for X = 1 where both the thermopower and the 
resistivity are maximum. 

Fig. [2]Jb) shows a detailed temperature dependence of 
thermopower S{T) for nine different compositions x. All 
of the samples are either n or p type. The only exception 
is the X = 0.9 sample, which is p-typc at high temper- 
atures, and n-type below ^ 50 K. Leaving the x = 0.9 
composition aside, let us focus on the temperature de- 
pendence of thermopower in the other nine compounds. 

The thermopower of a heavily-doped semiconductor on 
the metallic side of the metal-insulator transition is given 
byE 



■ {r + 5/2)Fr+3/2{VF) 



(1) 



Here rjp = Ep/{kBT) is the reduced Fermi energy; the 
parameter r describes the energy dependence of the scat- 
tering time, and 



1 + exp (77 - -qp) 



(2) 



is the Fermi integral. Ep is measured from the bottom 
of the conduction band for the rt-type, or the top of the 
valence band in the case of a p-type semiconductor. To 
describe the energy dependence of the scattering time 
parameter, we take the standard valu^ r = —0.5 for 
acoustic phonon scattering and calculate S{T) assum- 
ing a set of temperature-independent values for Ep. A 
more correct method would be to determine Ep from the 
charge balance constraint,!^ but since the charge doping 
comes from unintentional impurities, a precise amount of 
carriers is unknown. 

For Bi2Se3, the carrier density n may be estimated by 
comparing the resistivity data in Fig. [l] to the results 
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FIG. 2. (Color online) The dependence of thermopower on 
Selenium stoichiometry is shown in (a), at five different tem- 
peratures, (b) The experimental temperature dependence for 
nine different stoichiometrics (given by Selenium content x). 
(c) Results of a simple model calculation given by Eq.[2] The 
Fermi level is varied between 50 K and 900 K in steps of 50 K 
(from 4.3 to 77.6 meV). Note the different scales in (b) and 
(c). 



reported by Butch et a^^^ which gives a result of n ~ 

Results for the calculated temperature dependence of 
thermopower are shown in Fig. [2]jc) for Ep/kB, ranging 
from 50 K to 900 K (corresponding to the Ep between 



4.3 and 77.6 meV), in steps of 50 K. This ballpark for Ep 
seems to be in fair agreement with ARPES results from 
some members of the series. For example, Hor et al^^ 
observed a Fermi level of 50 meV in 612803 and Chen et 
alP saw Ep « 45 meV in Bi2Te3. 

The measurements of quantum oscillations for 812803 
show that the fundamental state of the system is metallic 
and that carrier density can be tuned by several orders 
of magnitude via controlling the stoichiometry.l^^l When 
changing the carrier density from 10^^ to 10^® cm~^, the 
Fermi temperature moves from 80 K to 1100 K. This is 
in good agreement with the approximate value of 900 K 
suggested for our Bi28e3 sample by the calculated series 
in Fig.[|c). 

The simple semiconductor model given by the Eq. [2] 
captures our experimental results quite well. The higher 
values of Ep lead to a thermopower almost linear in tem- 
perature, very similar to the one measured in Bi2Te3 and 
Bi2Se3. A smaller Ep leads to a thermopower with a 
distinct change in slope for ksT < Ep. Such a shape of 
S{T) is similar to what we measure for x ~ 1. However, 
the calculated values of S are smaller than the measured 
thermopower. This may be due to additional contribu- 
tions to the thermopower not taken into account by the 
model, such as the phonon drag, or because the param- 
eter r is not simply —0 .5, b ut has a temperature and 
composition dependence !^^*^^! 

In the calculated S{T) curves, the temperature slope 
changes at temperatures T ^ Ep/ks- With this in mind, 
one might conclude from Fig.[2jb) that samples with x = 
0.6,0.9, and 1.0 all have Ep ^ 4 meV. On the contrary, 
Fermi levels in pure Bi2Te3 and 812803 should be above 
room temperature since no clear change in slope is visible 
from our thermopower data. 

For X = 0.9 (Bi2Te2. 1800.9), S(T) seems to be an ex- 
ception. The temperature dependence is different than in 
the rest of the series. S rises above 400 /xV/K at 100 K, 
and then precipitously drops below 100 K. This is the 
only composition for which the sample is p-type at high 
temperatures and n-type at low temperatures, suggest- 
ing that the charge carriers exist in more than one band. 
This sample also has the highest resistivity within the 
series, as shown in Fig. nfb), and among the highest bulk 
band gaps (~ 325 meV). This more complex behavior 
may possibly be linked to additional impurity bands. 

To summarize, we have presented a systematic study 
of the composition and temperature dependence of ther- 
mopower within the bismuth chalcogenide Bi2Te3_a;8ea; 
series. The maximum resistivity, thermopower, and bulk 
band gap occur with compositions where x ~ I. For this 
composition, the Te/8e sublattice is maximally ordered, 
which reduces the defects in the crystal lattice and di- 
minishes impurity doping.^ 

The value of thermopower at a given temperature can 
be tuned by changing the stoichiometry. Starting from 
the p-type Bi2Te3, upon replacing a part of Te atoms 
with 8e, thermopower is strongly enhanced, and with the 
composition Bi2Te28e thermopower changes its sign. As 
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the amount of Se is increased, the value of thermopower 
decreases. The temperature dependence of thermopower 
may be semi-quantitatively described by a simple model 
for an extrinsic semiconductor. Here, the Fermi level Ep 
decreases from Bi2Te3 towards Bi2Te2. 05860.95, reaching 
a minimum of approximately 4 meV. When more Se is re- 
placed for Te, the Fermi level Ep starts increasing again. 



Both the bulk band gap and the Fermi level can be tuned 
by controlling Se/Te stoichiometry. 
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